Introduction
Acute myocardial infarction (AMI) is caused by a sudden and severe decrease or interruption of blood supply in coronary artery processes, thus resulting in severe acute ischemia in the myocardium and further ischemic necrosis. 1 Ventricular remodeling (VR) is the change of the ventricular shape and structure following AMI. Then, the Drug Design, Development and Therapy 2018:12 submit your manuscript | www.dovepress.com
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chen et al myocardium gets thinner in the infarct zone, while myocardial hypertrophy gets more significant in the non-infarct zone. What is worse, contractile dysfunction, neurohormonal activation, histologic remodeling, inflammatory changes and apoptosis arise after AMI. 2 The gradual enlargement of the ventricular chamber caused by a series of physiologic and pathologic processes leads to hemodynamic changes, generating heart failure. Hence, VR following myocardial infarction (MI) is the significant pathologic basis of heart failure and is running through the whole process. Delaying or preventing VR is, therefore, critical factor for preventing heart failure. 3, 4 Paeoniflorin (PF) is the main active component of the commonly used Traditional Chinese Medicine peony, Paeonia lactiflora Pall. or Paeonia veitchii Lynch. PF has diverse biologic functions and inhibits platelet aggregation, thrombosis, atherosclerosis and tumor formation, dilates coronary vessels, increases coronary blood flow, improves microcirculation, protects the liver and so on. [5] [6] [7] [8] [9] [10] [11] [12] Previous studies have also demonstrated that PF (10 mg/kg) reduced infarct size in ischemia/reperfusion injury rat, improved the hemodynamic parameters, decreased Caspase-3 and Bax expressions, but upregulated Bcl-2 in the left ventricles (LVs). 13 Recently, PF (5, 10, 20 mg/kg) has been shown to decrease the expression levels of tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, IL-6 and nuclear factor-κB, inhibit the activities and protein expression levels of inducible nitric oxide synthase and repress Caspase-3 and Caspase-9 activities. 14 However, whether PF can ameliorate AMI and the potential underlying mechanisms in rats remains to be elucidated.
The cardioprotection of PF has been confirmed in the rats with MI during paracmasis by a pilot experiment in this test. Then, to further verify the curative effects and mechanisms of PF on the rats, the inflammatory factors, myocardial mitochondria and the expression of Caspase-3 and Caspase-9 were observed, indicating PF's effect on VR. We hypothesized that PF inhibited apoptosis, leading to increased myocardial salvage, reduced fibrosis size and mitigated VR in a rat model of AMI.
Materials and methods
Model establishment
A total of 120 male Wistar rats (SPF, 200±10 g) were purchased from Beijing Weitong Lihua Experimental Animal Co., Ltd. (SCXK 2015-0008). The research protocol was approved by the Animal Ethics Committee of Guang'anmen Hospital of China Academy of Chinese Medical Sciences (No. 2015EC035-02). The rats were kept in the animal room of Guang'anmen Hospital of China Academy of Chinese Medical Sciences, according to the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (Bethesda, MD, USA). The indoor temperature was maintained at 25°C±1°C. All rats had standard feed without eating and drinking restrictions.
The AMI model in rats was made by referring to the methods of references. 15, 16 The specific procedures are as follows. The experimental rats were weighed and marked. After intraperitoneal injection of 10% chloral hydrate (0.33 g/ kg; Sigma-Aldrich, St Louis, MO, USA) for anesthesia with skin preparation (shaving the hair), the rats were fixed in a supine position on a surgical table. Endotracheal intubation was conducted and fixed with lines after using iodophor for disinfection. The tracheal tube was connected with the HX-300 medical ventilator (Taimeng Technology Ltd., Chengdu, China), involving a tidal volume of 8 mL, frequency of 70 times/min and respiratory ratio of 1:3. An incision was made about 1 cm above the sternum slightly toward the left, and the muscular layer was separated bluntly. The thoracic cavity was opened with an eye speculum of ophthalmology by the third and fourth intercostal space to expose the heart and ligate the anterior descending coronary artery, while only threading was performed in rats selected randomly in the sham surgery group in advance, without ligation. Criteria of successful models are as follows: it was noted after ligation that the limb lead II significantly increased in the R wave amplitude, increased in the T wave and was markedly elevated in the ST segment, showing convexity and monophasic curve. Standard limb electrocardiogram indicated that the ST junction was markedly elevated. The color of the ligation site was grayish white. When the rats were stable, the thoracic skin was clamped with a hemostatic clamp and sutured carefully with removal of the medical ventilator. Subcutaneous injection of 100,000 IU penicillin was performed in each rat for preventing infection. After surgery, the rats were placed on the insulation blanket and covered with rugs to keep warm and increase the survival rate. The rats were observed closely all the time and chest compression for rescue was performed timely in the presence of ventricular fibrillation.
Animals in each group were given water and feed normally, and administered with medication since 2 hours after the recovering time. The AMI models of rats established successfully were gavaged for 28 days once daily.
animal grouping and administration
One hundred and five of the 120 rats were made MI models and the remaining 15 had sham surgery. Among the 105 rats, 23 were excluded as 10 died, 9 had ventricular fibrillation and 4 models were unsuccessful. Therefore, the 82 rats that survived after surgery were randomly assigned to the model 17 Rats in the sham surgery group and model group were administered with 10 mL/kg/d of 0.5% CMCC-Na solution. Also, other test substances were suspended in 0.5% CMCC-Na solution. Rats in the middle dose group were given the adult human equivalent dose of 70 kg (converted by the body surface area), while rats in the high-dose group were administered two times of adult human equivalent dose, and rats in the small-dose group were given one-half of the adult human equivalent dose.
sampling and sample processing methods
After intraperitoneal injection of 10% chloral hydrate mixture (300 mg/kg), rats in each group were fixed on a dissecting table and their abdominal cavities were cut open. Blood of abdominal aorta was collected with a 10 mL syringe and treated on different indexes. Then, the thoracic cavities were cut after clamping the abdominal aorta using a hemostatic clamp. Next, the hearts were cut and lavaged quickly with ice-cold normal saline to wash the residual blood, and then water was blotted up using filter paper. Moreover, the whole hearts and LVs were set on the ice after weighing by an accurate electronic balance (Sartorius Scientific Instruments Co., Ltd., Beijing, China). Also, the apex of the heart of size 3×3 mm was selected and fixed with 3% glutaraldehyde for electron microscopy. Finally, the cardiac tissue at 0.3 cm under the ligature was fixed with 4% paraformaldehyde for HE staining and Masson staining. Peri-infarct tissue was defined as the area of myocardium within 2 mm of the visible edge of infarction, and remote area was taken from the interventricular septum, 18 while the rest of the tissues were immediately put into liquid nitrogen and stored in a refrigerator at −80°C.
Experimental methods for determining the effect to VR
The aim of this study was to observe the effect of PF on VR. Hence, the appearance, cardiac functions, left ventricle weight index (LVWI), myocardial cell morphology and other indexes reflecting VR were observed in the six groups of rats.
general observations
The appearance, activities, mental state, food intake, water intake, weight and stools were observed.
The BW and LVWI were weighed in rats with the electronic balance (Sartorius, BJ, CHN) in each group, respectively. Also, the LVWI (unit: mg/g) was calculated according to the following formula:
Cardiac function detection
After 28 days of gavage, the rats were anesthetized, and cardiac function was evaluated by Doppler ultrasonography. The BW was recorded and the heart rate, left ventricular ejection fraction (LVEF), left ventricular end-diastolic inner diameter (LVIDd), left ventricular end-systolic inner diameter (LVIDs) and other cardiac function parameters were measured by DW-350 B-mode echocardiography (Dawei Electronic Equipment Co. Ltd., Xuzhou, China).
Morphologic observations on VR
Morphological changes of myocardial cells in the infarct tissue were observed by HE staining, referring to the production methods of Zhang et al. 15 The degree of myocardial fibrosis in the infarct tissue was observed by Masson staining according to the methods of Itter et al. 16 In all experimental groups, the total amounts of fibrotic tissue (blue color) and muscle tissue (red tone) were determined in a standardized set of 10 cross-sections, starting at the level of the papillary muscle and moving toward the apex every 300 μm. The percentage of fibrosis was calculated from the ratio of the green area over the total (red + blue) area. The production was completed under the assistance of the Pathology Department, Guang'anmen Hospital, China Academy of Chinese Medical Sciences. The mitochondrial ultramicrostructure in the infarct tissue was observed with the transmission electron microscope, assisted by the Peking University School.
apoptosis observation by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
Apoptosis was observed by the TUNEL assay. 19 Tissue sections were observed under a confocal microscope, in which the normal Tunel, muscle cell nuclei were blue, while the apoptotic nuclei showed varying shades of brown. Each slice in the same area of the distribution of apoptotic cells was randomly selected out of five high-power fields. Then, the average number of apoptotic cells in each field was calculated as a percentage of the total cell number. Thereby, the apoptosis index (%) was generated. Serum BNP, TNF-α, IL-6 and IL-10 in rats were detected using the standard kit (MultiSciences Biotech Co. Ltd, Hangzhou, China). The specific procedures were performed strictly in accordance with the instructions of the kit. The OD values of all orifices were measured at 450 nm (410 nm if coloring by ABTS) after zeroing as the blank control orifice on a detector for enzyme-linked immunosorbent assay.
Detection of Caspase-3 and Caspase-9 proteins in remote heart tissue by immunohistochemistry
On the basis of immunohistochemical procedures, 20 the positive criteria and methods of treatment were as follows: as the positive criterion, the cytoplasm of myocardial cells was observed, because it was the major expression site for Caspase-3 and Caspase-9. Its color showed out brown, including brownish yellow, brown and dark brown in sections. The expression levels were estimated by integrated OD of the positive cells. Integrated OD was the average cumulative OD of the positive staining area of each group determined by ImageJ software.
Detection of Caspase-3 and Caspase-9 proteins in remote heart tissue by Western blot
The procedure was as follows. Total proteins in myocardial tissues were extracted and prepared as 10% separation gel. Also, the protein samples were detected, sealed and incubated with the first and second antibodies (1:500; Sigma-Aldrich), respectively. Electrochemiluminescence (Upstate Technology LLC, NYC, NY, USA) was added into the surface of the membranous protein, and then film exposure was done, with developing for 2 minutes and fixing treatment. The images were scanned for preservation and analyzed with ImageJ software, with the gray-scale value digitized on each special band. The gray-scale value of the target protein divided by the gray-scale value of GAPDH was used to express the relative content of the target protein of the samples.
statistical analysis
Professional statistical software SPSS 17.0 was adopted for statistical analysis of data. The experimental data were represented as mean±SD (x -±s), and normal distribution test was conducted on the data. For the data which met normal distribution and homogeneity of variance, analysis of variance test or Student's t-test was adopted. For the data which did not meet normal distribution, nonparametric test was adopted. P,0.01 meant very significant difference, while P,0.05 meant significant difference.
Experimental results and analysis
Analysis of the number of tested animals and general situation After 28 days of gavage, all rats survived in the sham operation group, 3 rats died in the model group and 1 rat died in the remaining groups; therefore, 15 rats survived in each group. Severe arrhythmia, ventricular fibrillation, massive hemorrhage and post-surgical wound infection were the major causes of death for rats during the experiment. Accidie, epilation, emaciation, anorexia, loose stool and other symptoms were observed to some extent in each group during the treatment, except for the sham surgery group. Among the rats, the ones in the model group showed the most severe symptoms. They had generally poor condition, markedly reduced activities, impetuosity, decrease in food intake, water intake and tachypnea. However, in the rats of the treatment groups, this general situation had significantly improved. In addition, BW had reduced in the model group rats compared to that in those of the sham surgery group, but there was no statistical difference in all groups (P.0.05; Figure 1 ).
Observation on LVWI
LVWI had increased significantly in the model group than that in the sham surgery group (P,0.01). Further comparison of this index with that in the model group showed that the 
Cardiac function
No statistically significant difference was observed in all parameters in all the groups before surgery (P.0.05). Twenty-eight days after surgery, there was no statistical difference in heart rate (P.0.05) ( Figure 3A) . While compared with that in the sham surgery group, the LVEF value decreased obviously in the model group (P,0.01), and significant enlargement was noted in LVIDd and LVIDs (P,0.01). Compared with the model group, the captopril group had higher LVEF value (P,0.05) and significantly improved LVIDd (P,0.01), but insignificant LVIDs change (P.0.05). The LVEF value was markedly higher in the PF group than that in the model group, with obvious reduction in LVIDd and LVIDs (Figure 3B-D) .
Morphologic observation on VR
In the sham surgery group (Figure 4A) , the myocardial cells showed no obvious degeneration and were arranged regularly and clearly. The myofilaments were relatively complete, and the intercellular space was even.
In the model group ( Figure 4B ), focal necrosis in the infarct tissue was identified in some myocardial cells, and the myocardial fibers dissolved and broke partly. A number of myocardial fibers showed obvious disorder in the arrangement. Karyopyknosis and karyorrhexis were noticed in several cells, and dilatation was seen in the myocardial capillaries. Further, more severe inflammatory cell infiltration and myocardial tissue necrosis were noted under the epicardium.
In the captopril group ( Figure 4C ), disordered arrangement was noted in local myocardial fibers, along with a small amount of myocardial cell degeneration, necrosis and slight inflammatory infiltration. A little capillary hyperemia was found (significantly slighter than that in the model group).
In the PF groups ( Figure 4D-F) , it could be seen that a small amount of myocardial cells were loose, edematous and necrotic. Compared with the model group, some myocardial fibers were arranged more regularly with slight inflammatory cell infiltration, and the overall morphology was relatively clear.
Masson staining
Results of Masson staining suggested that the myocardial cells were arranged very regularly in the sham surgery group ( Figure 5A ). No obvious hyperplasia was noticed in the collagen fibers of intercellular substances. But in the model group ( Figure 5B), irregular arrangement was noted in the myocardial cells with more disordered structures in the infarct tissue. A large number of collagen fibers replaced the myocardial cells with obvious hypertrophy in some myocardial cells. Although collagen fibers were also observed to replace some myocardial cells and alternated with myocardial cells in the captopril group ( Figure 5C ) and PF groups ( Figure 5D-F) , the results were without significant statistical difference. This was, however, greatly reduced only in the PF-treated hearts. Quantification of the scar fraction ( Figure 5G ) confirmed that PF could significantly reduce fibrosis compared to the model group (P,0.01).
Results of mitochondrial ultramicrostructures
In the sham surgery group (Figure 6A) , the ultramicrostructures of myocardial mitochondria were clear in rats, with more complete membranes, compact cristae, clear matrix, regular intercalated discs and favorable continuity, while there were several broad, broken or vacuolar mitochondrial cristae occasionally with disordered intercalated discs and unfavorable continuity.
In the model group ( Figure 6B ), the mitochondria showed obvious edema with broken cristae in some portions of the infarct tissue. Significantly increased collagen fibers were observed with more disordered arrangement and loose structures. The intimal and adventitial integrity was destroyed markedly and was even broken and dissolved with Vague and disordered cristae were noted with some of them disappearing or vacuolating. The matrix was blurry with broken mitochondria. Uneven thickness existed in the myofibril with unclear structures of the sarcomere. Most of the myofilaments were destroyed and dissolved. Also, part of the disordered intercalated discs had poor continuity.
In the captopril group ( Figure 6C ), the myocardium cells were arranged more regularly. The arrangement of myofibrils was orderly, while some mitochondria were broken slightly and the sarcoplasmic reticulum expanded slightly. Furthermore, the myofilaments were arranged regularly and orderly, but some were broken.
In the PF groups ( Figure 6D-F) , the ultramicrostructure degeneration of myocardial cells was significantly reduced compared with that in the model group. Cristae of some mitochondria were slightly broken, and the myofilaments were arranged more regularly and some were loose or broken. Moreover, a little collagen hyperplasia was observed.
Results of apoptosis detected by TUNEL
Muscle cell nuclei were blue, but apoptotic nuclei were brown ( Figure 7A-F) in remote heart tissue. Compared with the sham surgery group, apoptosis increased markedly in remote tissue in the model group (P,0.01). In comparison with the 
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Paeoniflorin in an AMI rat model model group, apoptosis reduced obviously in the treatment groups (P,0.01; Figure 7G ).
Results of BNP, TNF-α, IL-6 and IL-10
Compared with the sham surgery group, BNP increased markedly in the model group (P,0.01). However, BNP reduced markedly in the captopril group and PF groups, compared with that in the model group (P,0.01; Figure 8A ). Compared with the sham surgery group, the concentrations of serum TNF-α and IL-6 increased markedly in the model group (P,0.01), while IL-10 reduced significantly (P,0.01). In contrast, TNF-α (P,0.05) and IL-6 (P,0.01) reduced obviously in the captopril group, whereas no statistical difference was noted in IL-10 (P.0.05) when compared to the model group. Similarly, TNF-α and IL-6 reduced markedly in the PF groups compared with those in the model group as well. More importantly, IL-10 was observed to increase significantly in the PF groups ( Figure 8B-D) .
immunohistochemical results
Significant statistical differences were noted between the sham surgery group and other groups (P,0.01) in remote heart tissue. There were also obvious differences between the captopril group and PF groups compared with those in the model group (P,0.01). It was demonstrated that PF and captopril could markedly inhibit the expression of Caspase-3 and Caspase-9 proteins (Figures 9-11 ).
Western blot results
Compared with the sham surgery group, the expression levels of Caspase-3 and Caspase-9 proteins were increased significantly in the model group in remote heart tissue, while the expression of Caspase-3 and Caspase-9 proteins reduced markedly in the captopril group and the PF groups. Also, the treatment groups had lower expression than that in the model group. The results suggested that PF could significantly inhibit the expression of Caspase-3 and Caspase-9 proteins (Figures 12 and 13 ).
Discussion
LVEF evaluated by echocardiography was a more accurate measure of systolic function than ±dP/dt(max) in an MI model. 21 As revealed in this study, rats in the PF group generally improved with reduced LVWI and markedly increased LVEF, compared with those in the model group. Furthermore, the ventricular chambers reduced during systole and diastole, demonstrating that cardiac function in rats had been improved significantly by the treatment of PF. LV remodeling 2 PF could improve these changes, and thereby inhibit LV remodeling. Further observation of myocardial tissues in the PF group by HE staining and Masson staining showed that the myocardial cells reduced in degeneration and were arranged regularly. In addition, the myofilaments were relatively complete, the space was relatively even, and the collagen fibers of intercellular substances obviously decreased. All the results suggested that the curative effects were equal to those in controls with positive drugs. By the treatment of PF, the structures of myocardial mitochondria in the rats improved markedly. The ultramicrostructures were clear with complete membrane, compact cristae, clear matrix, complete mitochondrial membranes and regularly arranged myofilaments.
Long-term activation of the neurohormonal response, especially of the sympathetic nervous system and the reninangiotensin-aldosterone system, was a major molecular hallmark of adverse LV remodeling.
2 BNP in myocardial ischemia and hypoxia was synthesized, and its increased degree was positively correlated with the severity of myocardial ischemia and hypoxia. 22 In this study, BNP reduced markedly in the captopril group and the PF-treated groups.
Some researches have confirmed that the concentrations of TNF-α, IL-6 and IL-10 were closely associated 
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Paeoniflorin in an AMI rat model with the severity of heart failure. 23 TNF-α promoted VR after MI by initiating a cascade reaction of inflammatory cells. During VR, the interaction of IL-6 and its receptors could gradually induce cardiac fibroblasts to transform into myofibroblasts. Moreover, it promoted a large amount of collagen protein secretion by stimulating mature fibroblasts in the heart, and precipitated cardiac fibrosis and myocardial cell growth. 23 IL-10 could effectively prevent the proliferation and activation of inflammatory cells, and thus improve VR. In general, inflammatory cytokines, such as IL-10, could affect the results from two aspects: on the one hand, they could inhibit the inflammatory reaction and protect the heart, helping in gradually recovering from the heart injury, and thus playing a positive role. On the other hand, they played a negative role and could stimulate and aggravate the inflammation, resulting in aggravation of the heart injury and causing further heart failure. In this study, in comparison with the sham surgery group and the model group, significant differences were noted in inflammatory factors such as TNF-α, IL-6 and IL-10. These results suggested that there were inflammatory mechanisms in the MI model caused by ligation of coronary arteries. On the contrary, obvious changes were noticed in the inflammatory cytokines after treatments. Captopril could downregulate the concentration of serum TNF-α and IL-6, but without obvious regulation in IL-10. PF, however, could downregulate serum 
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Paeoniflorin in an AMI rat model TNF-α and IL-6 and upregulate IL-10, showing two-way comprehensive action. It, therefore, demonstrated that one of the mechanisms against VR by PF was the regulation of inflammatory factors with a comprehensive, all-round and favorable two-way method. PF improved and slowed down the effects of the inflammatory cascade reaction during VR, and held back the continuous development of VR, thus preventing heart failure.
Current researches on heart failure were focused on the mechanism of energy metabolism dysfunction, as this disorder of myocardia was one of the leading causes of the occurrence and development of heart failure. The mitochondrial structure was destroyed during congestive heart failure (CHF) in which adenosine triphosphate formation decreased, energy supply became insufficient and myocardial apoptosis was promoted. In addition, myocardial apoptosis was demonstrated to be the major mechanism of myocardial remodeling in CHF. Therefore, determining the mechanism of mitochondrial energy metabolism dysfunction may provide new therapeutic targets and strategies for the treatment of heart failure. 24, 25 In chronic heart failure rats, and model rabbits with heart failure induced by volume overload and myocardial ischemia and reperfusion, as revealed in the studies, Caspase-3 and Caspase-9 were involved in the pressure load-induced heart failure and in the occurrence and development of myocardial remodeling. Further, the concentrations of the two factors were positively correlated with severity of heart failure. 20, 26 Hence, we speculated that Caspase-3 and Caspase-9 participated in myocardial apoptosis in rats with heart failure following myocardial infarction.
Research revealed that myocardial apoptosis was involved in the whole process of heart failure. 27 Myocardial apoptosis appeared immediately since heart failure, which may be closely associated with a significant increase in intraventricular pressure and the excessive activation of local intracardiac renin-angiotensin system. Apoptosis, which is active cell death regulated by genes, was characterized by the initiation of apoptotic signaling pathways and expression of relevant genes. Caspase-3 is an important protease during apoptosis and also a marker enzyme of apoptosis. 28 Myocardial apoptosis activated the caspases family via the death receptor pathway or mitochondrial pathways. 29 Caspase-9 was activated by apoptotic bodies, promoted by various proapoptotic factors during the process of apoptosis, which promoted the expression of Caspase-3 in the downstream caspase family. Caspase-3 was finally required to perform the process of myocardial apoptosis. 30 It has been demonstrated in this study that PF could downregulate the expression of Caspase-3 and Caspase-9 in rats with heart failure. Also, the intervention could markedly improve clinical symptoms and cardiac function indexes in heart failure rats, showing significant differences compared with those in the model group. Hence, it was speculated that PF could reduce cell apoptosis, inhibit VR, and improve or delay the formation and development of heart failure. These, therefore, may be the mechanisms for treatment for heart failure following MI.
Conclusion
The PF could significantly improve the cardiac function in rats with VR after AMI. It also adjusted the inflammatory cytokines of TNF-α, IL-6 and IL-10. Furthermore, it reduced the BNP level and inhibited the expression of Caspase-3 and Caspase-9. This study has provided a preliminary discussion on the treatment mechanism of PF for CHF from the viewpoint of disease, whereas curative effects based on disease-syndrome animal model, expression of other cytokines and molecular mechanisms are still worth continuing in this research.
